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Abstract   
 
 
Cu-poor and Cu-rich Cu(In,Ga)Se2 (CIGSe) absorbers were used as substrates for the chemical bath 
deposition of ultrathin CdS buffer layers in the thickness range of a few nanometers in order to make 
the CIGSe/CdS interface accessible by hard X-ray photo-emission spectroscopy. The composition of 
both, the absorber and the buffer layer as well as the energetics of the interface was investigated at 
room temperature and after heating the samples to elevated temperatures (200 °C, 300 °C and 400 
°C). It was found that the amount of Cd after the heating treatment depends on the near surface 
composition of the CIGSe absorber. No Cd was detected on the Cu-poor surface after the 400 °C 
treatment due to its diffusion into the CIGSe layer. In contrast, Cd was still present on the Cu-rich 
surface after the same treatment at 400 °C.   
                                                                                                   
   
 
 1. Introduction 
 
 Thin ﬁlm solar cells based on polycrystalline Cu(In,Ga)Se2 (CIGSe) 
 absorbers already reach maximum conversion efﬁciencies above 20% 
 on the laboratory scale [1]. Besides the defects in the absorber material, 
 the interface between the CIGSe absorber and the CdS buffer layer plays 
 an important role with respect to band alignment and appearance of 
 interface states limiting the solar power conversion efﬁciency [2]. It is 
 assumed that intrinsic surface properties of the CIGSe absorber such as 
 composition, crystal structure, texture and termination are crucial 
 regarding the formation of the CIGSe/CdS/ZnO heterocontact [3]. In the 
 present work, differently grown CIGSe absorbers with surface concen- 
 trations of [Cu] / ([In] + [Ga]) = 0.79 (Cu-poor) and 1.03 (Cu-rich) 
 were used for the experiment described in this publication. These com- 
 positions were chosen because the Cu-poor composition is close to the 
 optimum composition for high-efﬁciency devices in our lab [4] and 
 therefore represents the “standard absorber”, while the Cu-rich compo- 
 sition, although close to the theoretical stoichiometry, behaves funda- 
 mentally differently from even slightly Cu-poor absorbers [5]. 
 Ultrathin CdS layers were deposited by chemical bath deposition 
 (CBD) on both absorbers under the same conditions with an estimat- 
 ed thickness of less than 10 nm which allows the simultaneous in- 
 vestigation of the CIGSe absorber and the CdS buffer layer as well 
 as the corresponding interface region using hard X-ray photo- 
 emission spectroscopy  (HAXPES)  with  excitation  energies  of 
 3000 eV and 6000 eV. The aim was to analyze the interface formation 
          especially focusing on Cu and Cd species which are believed to play 
 an important role in this process. Additionally, possible diffusion 
 phenomena  were  investigated  in  situ  under  ultrahigh  vacuum 
(UHV) conditions after annealing at temperatures of 200 °C, 300 °C   
and 400 °C.  
2. Experimental details  
2.1. Sample preparation  
Polycrystalline CIGSe thin ﬁlms have been grown on molybdenum   
coated soda lime glass (SLG) substrates using a modiﬁed three stage   
coevaporation process. Details on this process are given in reference   
[6]. The Cu-content of the completed CIGSe ﬁlm is mainly determined    
by the duration of the third stage where the shutters of the In-, Ga-,   
and Se-sources are opened while the shutter of the Cu-source is closed   
until the stoichiometric point of the compound material is reached as   
measured with optical real-time methods. Continuing the evaporation    
of In–Ga–Se results in the deposition of a Cu-poor CIGSe absorber. By 
shortening the third stage accordingly, Cu-rich absorbers can be pro-   
duced. For the experiment at hand, one Cu-poor and one Cu-rich ab-   
sorber were grown on 5 cm × 5 cm large SLG substrates. Altogether,   
two Cu-rich and two Cu-poor samples with a size of 4 mm × 8 mm   
were cut out so that two of them could be mounted on one sample hold-     
er at once for the subsequent HAXPES measurements. In order to re-   
move segregated CuxSe or surface oxide phases, all samples were   
etched in an NaCN containing aqueous solution (5%) for 3 min at   
room temperature (RT). Afterwards, they were rinsed with deionized   
water and dried in an ultrapure gaseous nitrogen stream. While one    
set of the samples (Cu-rich and Cu-poor) was transferred to the UHV   
based analysis chamber for HAXPES measurements using a special  
transport box which was ﬂooded with nitrogen, the other samples   
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Fig. 1. XP survey spectra of bare CIGSe and CBD-CdS/CIGSe samples at 6000 eV excitation energy measured at room temperature. 
 
 were treated further. Thin CdS layer was deposited on top of them by 
 CBD using 0.0189 M cadmium acetate dihydrate (Cd (C2H3O2)2·2H2O) 
 in 11.25 ml aqueous NH3 (25%) and 0.9565 M thiourea (H2NCSNH2) in 
100 ml water which were mixed together and ﬁlled up by distilled 
         water to a total volume of 150 ml. The samples were simultaneously 
 dipped into the chemical bath for 45 s at 60 °C leading to ultrathin 
kept constant for all measurements (top-up mode of the storage ring).  
The spot size of the beam under the grazing incidence conditions was    
in the range of 2 mm in diameter, which reduces the inﬂuence of the 
surface roughness and inhomogeneity of Cd thickness on the accuracy    
of the measurements. The entrance slit of the electron analyzer was   
ﬁxed to 0.5 mm. In addition, the samples were imaged with a Zeiss  
 CdS layers in the thickness range of 10 nm as estimated from the stan- 
 dard CdS deposition process. These samples were also transferred to 
 the high kinetic energy (HIKE) analysis chamber using the same trans- 
 port box. 
Leo 1530 scanning electron microscope (SEM). 
 
 
3. Results 
 
 
 
 
 
 
 2.2. Sample characterization In Fig. 1 the survey spectra of bare CIGSe samples and the CdS covered  
  CIGSe samples recorded at room temperature are shown for 6000 eV ex-  
 The HAXPES experiments were performed at the HIKE endstation citation energy in the binding energy range from 0 to 2500 eV.  
 operated at the KMC-1 beamline located at the BESSY II synchrotron fa- 
 cility in Berlin, providing variable photon energies up to 12 keV. For the 
 experiment which is presented in this paper, excitation energies of 
 3000 eV and 6000 eV with variable information depth were used, 
           roughly calculated as 20 nm for 6000 eV and 10 nm for 3000 eV respec- 
 tively. The analysis system at the HIKE endstation consists of a R4000 
 hemispherical photoelectron spectrometer manufactured by Scienta 
 Gammadata which is optimized for high kinetic energy. All spectra in 
 this work were recorded at a constant pass energy of 200 eV. The X- 
 ray beam was horizontally polarized and hits the sample in grazing in- 
Since the thickness of the CdS ﬁlm was limited to few nanometers,  
photoemission signals originating from the CIGSe absorber are present      
in all spectra due to the increased kinetic energy of the considered elec-  
trons, implying an increased information depth. In addition, cadmium   
and sulfur related peaks appear in the spectra for the CdS covered sam-  
ples, as expected. Moreover, small quantities of carbon and oxygen are  
only detectable on the wet-chemically treated CIGSe/CdS samples due      
to the usage of aqueous solutions for the deposition of CdS — an indica-   
tion that carbon and oxygen containing species are incorporated into    
the CdS ﬁlm during growth. This aspect is not considered in the following,   
 
 cidence under an angle of 3° towards the surface. The photoelectrons thus neglected.  
 were detected in the polarization plane perpendicular to the beam 
 while its intensity was monitored using an N2 ionization chamber and 
Fig. 2 shows top view images of the samples obtained with SEM of the   
bare Cu-poor (a) and Cu-rich (b) CIGSe samples as well as the CdS coated    
 
 
 
Fig. 2. SEM top view images of Cu-poor CIGSe (a) and CIGSe/CdS (c) and Cu-rich CIGSe (b) and CIGSe/CdS (d) samples which were measured with XPS (see Fig. 1). The 
images were taken after the last annealing step in UHV at 400 °C. 
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Fig. 3. XP spectra of the (a) Cd 3d5/2 and (b) S 1s photoemission signals of the CIGSe/CdS samples recorded at the HIKE end station at BESSY II using 3000 eV excitation 
energy. The measurements were performed at room temperature (RT) and after a series (at 200 °C, 300 °C, and 400 °C) of in-situ annealing steps in UHV. 
 
 Cu-poor  (c) and  Cu-rich  (d) CIGSe  samples  after  the  ﬁnal  anneal- 
         ing step in UHV. It can be seen that the samples are polycrystalline. 
 In contrast to the Cu-poor samples, the Cu-rich samples show an in- 
 creased roughness which is attributed to the NaCN based etching process 
 which is known to remove superﬁcial CuxSe phases. The morphology of 
 these samples is dominated by cavities surrounded by linked structures 
 which seem to be equally truncated on the same height. On closer inspec- 
 tion, the size of the grains appears to be very large with dimensions of up 
 to several micrometers and with grain boundaries forming deep valleys. 
 
 The Cu-poor samples are less affected by the NaCN etching process leav- 
 ing surfaces which are smoother but somehow stronger declined on the 
 microscopic scale. The truncation of the topmost layer as observed on 
 the Cu-rich samples is not visible on Cu-poor samples. In both cases, 
indicating that the amount of Cd is below the detection threshold of the  
EDX system. For a detailed analysis of the X-ray photoemission (XP) spec-   
tra, the Cu 2p3/2, In 3p3/2, Ga 2p3/2, Se 2p3/2, Cd 3d5/2, and S 1s core level  
peaks were measured with higher resolution. In Fig. 3 dedicated Cd 3d5/2    
and S 1s spectra are shown for each annealing step using 3000 eV excitation 
energy. The samples were annealed consecutively at 200 °C, 300 °C and 400 °C 
(heating with about 20 °C/min) for 10 min. After each annealing step 
subsequent X-ray photoemission spectroscopy (XPS) measurements were 
performed at room temperature. For temperatures up to 300 °C, the 
dependency of the Cd 3d5/2 peak on the annealing process is similar for both, 
the Cu-poor (red lines) and Cu-rich (black lines) samples. But for 400 °C, the 
Cd 3d5/2 peak of the Cu-poor CIGSe/CdS system completely vanishes 
whereas for the Cu-rich CIGSe/CdS system it is only
 step-like formations with several nanometer dilatations are observed, damped and still present.  
 pointing to a [112] orientated faceting of Cu-poor areas of the grains [5]. 
 With energy dispersive X-ray spectroscopy (EDX) attached to the SEM 
 system, no Cd could be detected on the CdS coated CIGSe samples 
In contrast to the Cd 3d5/2 signal, the S 1s peak intensities are less af-  
fected in both cases; there is still sulfur on the surface in a reasonable  
amount. Fig. 4 shows the elemental concentrations of the near surface   
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Fig. 4. Concentrations of the Cu, In, Ga, Se, Cd, and S species of the CdS coated CIGSe samples: (a) Cu-poor and (b) Cu-rich. The concentration values were calculated from the 
line intensities of the corresponding core level peaks which were recorded at 3000 eV excitation energy.
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Fig. 5. Concentrations of the Cu, In, Ga, Se, Cd, and S species of the CdS coated CIGSe samples: (a) Cu-poor and (b) Cu-rich. The concentration values were calculated from the 
line intensities of the corresponding core level peaks which were recorded at 6000 eV excitation energy. 
 
 elements Cu, In, Ga, Se, Cd, and S for all applied annealing steps. They 
 were calculated from the corresponding photoemission core level 
 peaks obtained for 3000 eV excitation energy, assuming a homogenous 
 element distribution at the surface. Before starting the evaluation, all 
 spectra were corrected with respect to their binding energy using the 
 position of the Au 4f7/2 peak at 84.0 eV [7]. After subtraction of a Shirley 
 background the spectra were integrated to determine the respective 
 line intensities. They were then normalized to the corresponding inelas- 
 tic mean free path λ (calculated by the TPP-2M formula [8] using the 
 QUASES code [9]), the transmission function of the analyzer T, and the 
 partial subshell photoionization cross-sections dσ/dΩ which is tabulat- 
 ed [10,11] to make them comparable. 
 In contrast to Fig. 4, the elemental concentrations of the same ele- 
evaporates congruently, i.e. similar amounts of Cd and S should evapo-   
rate. Therefore we believe that the disappearance of Cd is due to the dif-  
fusion of Cd into the highly defective, Cu-poor surface of the Cu-poor  
grown sample where Cd2+ may occupy empty Cu sites. On the Cu-   
rich sample, the density of Cu vacancies is much smaller, allowing less  
Cd2+ to penetrate the surface and disappear (for a surface sensitive  
method) into the near-surface bulk of the absorber. Thus the disappear-  
ance of Cd on the Cu-poor surface is interpreted as a dilution of Cd up to       
a concentration which is not detectable by XPS anymore, while most of    
the Cd stays on the surface of the Cu-rich sample within the detection  
limit of XPS. The diffusion of Cd into CIGSe has been the subject of sev-  
eral papers, both theoretical [12,13] and experimental [14,15] and it is  
assumed that the substitution of Cu+  by Cd2+  is an important step in the     
 ments are shown in Fig. 5 as obtained from photoemission core level interface formation [2].  
 peaks recorded at 6000 eV excitation energy. The information depth is 
 now increased by a factor of 2 from 10 nm to 20 nm. 
 
 4. Discussion 
 
 The most striking result is the complete disappearance of the cadmi- 
 um signal from the CdS-coated, Cu-poor surface after annealing at 
400 °C, which is in strong contrast to the observation of the remaining 
         Cd on the Cu-rich surface. Since both samples were heated simulta- 
 neously on the same sample holder and both samples had been coated 
 in the same CBD process, giving rise to the same thickness of CdS on the 
The concentrations of Cu, In, Ga, Se and S species within the informa-  
tion depth of about 20 nm vary in a similar manner during the annealing  
process for both the Cu-poor and Cu-rich CIGSe/CdS samples (Fig. 5).  
However, in the more surface near region (~10 nm) the concentration     
of Se on the Cu-poor CIGSe/CdS sample drops dramatically just after an-  
nealing at 400 °C (Fig. 4-a). We believe that this is due to a single event   
that occurred during the measurement, which causes the erroneous  
data acquisition. Therefore we currently disregard this data point. This  
drop in the signal intensity is also the reason, why the concentrations     
of the other species on the surface are increasing at those temperatures  
since the sum of species related concentrations for the calculation was    
 surface, evaporation of CdS can be ruled out to explain the disappear- kept constant.  
 ance of the Cd signal. This is also supported by the presence of sulfur 
 on  both  samples  even  after  the  400  °C  treatment,  because  CdS 
The relative binding energy shifts of the core level peaks obtained with exci-    
tation energies of 3000 eV and 6000 eV are listed in Tables 1 and 2 with     
 
       Table 1 
Relative shifts of the binding energies of the considered peaks with respect to the room temperature measurements as the reference. The measurements were  
performed at 3000 eV excitation energy and the error is assumed to be ± 0.1 eV. 
 
 
 Δ (eV) Cu-poor Cu-rich 
  
CIGSe CIGSe/CdS CIGSe CIGSe/CdS 
 
 T (°C)  
RT 200 300 400 RT 200 300 400 RT 200 300 400 RT 200 300 400  
 Ev–Ef 0.0 – 0.1 0.2 0.0 − 0.1 0.0 0.1 0.0 0.0 0.1 0.3 0.0 0.0 − 0.1 − 0.2  
 Cu 2p3/2 0.0 – 0.1 0.3 0.0 0.0 0.1 0.2 0.0 0.1 0.3 0.5 0.0 0.1 0.0 − 0.1  
 In 3p3/2 0.0 – 0.1 0.3 0.0 0.0 0.0 0.2 0.0 0.1 0.2 0.4 0.0 0.0 − 0.1 − 0.1  
 Ga 2p3/2 0.0 – 0.1 0.3 0.0 0.0 0.0 0.3 0.0 0.1 0.2 0.4 0.0 0.0 0.0 − 0.1  
 Se 2p3/2 0.0 – 0.1 0.3 0.0 0.0 0.0 0.3 0.0 0.1 0.2 0.4 0.0 0.0 − 0.1 − 0.1  
 Cd 3d5/2 – – – – 0.0 0.0 0.1 – – – – – 0.0 0.0 − 0.1 − 0.2  
 S 1s – – – – 0.0 0.0 0.1 0.5 – – – – 0.0 0.0 − 0.1 0.0  
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 Table 2 
 Relative shifts of the binding energies of the considered peaks with respect to the room temperature measurements as the reference. The measurements were  
 performed at 6000 eV excitation energy and the error is assumed to be ± 0.1 eV. 
 
 
 Δ (eV) Cu-poor Cu-rich 
  
CIGSe CIGSe/CdS CIGSe CIGSe/CdS 
T (°C) 
RT 200 300 400 RT 200 300 400 RT 200 300 400 RT 200 300 400 
 
 
 
 
 
 
 
 
 
 respect  to  the  room  temperature  measurement.  In Table 1 the  values 
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 Ev–Ef 0.0 − 0.2 0.5 0.4 0.0 − 0.1 0.4 0.2 0.0 0.0 − 0.3 − 0.1 0.0 0.1 − 0.1 − 0.3 
 Cu 2p3/2 0.0 − 0.4 − 0.2 0.0 0.0 − 0.4 − 0.3 − 0.3 0.0 0.1 0.2 0.3 0.0 0.1 0.1 − 0.1 
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